Pt deposited onto a Ge(001) surface gives rise to the spontaneous formation of atomic nanowires on a mixed Pt-Ge surface after high temperature annealing. We study possible structures of the mixed surface and the nanowires by total energy (density functional theory) calculations. Experimental scanning tunneling microscopy images are compared to the calculated local densities of states. On the basis of this comparison and the stability of the structures, we conclude that the formation of nanowires is driven by an increased concentration of Pt atoms in the Ge surface layers. Surprisingly, the atomic nanowires consist of Ge instead of Pt atoms.
Recently, Gürlü et al. produced arrays of NWs by depositing Pt on a Ge(001) surface. Perfectly straight, defect free and regularly spaced NWs with a cross-section of one atom and a length of up to one micron, are formed after annealing at T = 1050 K. 9 The structures are studied by scanning tunneling microscopy and spectroscopy (STM and STS), 11, 12, 13 characterizing the electronic states around the Fermi level. However, hampered by the lack of chemical information in STM, so far only a tentative model for the atomic structure of the NWs exists.
9 Deposition of ∼0.25 monolayer (ML) Pt on Ge(001) at room temperature creates a surface with a high amount of defects and no clear identification of Pt atoms.
14 Subsequent annealing of this surface results in the formation of patches of two different structures, the so-called α-and β-surfaces. It has been proposed that 0.25 ML Pt is incorporated in the top surface layer of the β-surface. 9, 13 After the same annealing step, part of the β-surfaces are covered with NWs. On the basis of available STM data, the wires have been tentatively identified as Pt wires. 9, 13 In this paper we present a computational study of the structure of the β-surface and the NWs at the firstprinciples density functional theory (DFT) level. 15 By calculating total energies and comparing simulated to experimental STM images we identify the most probable structures. 16 The β-terrace has a structure that is similar to the clean Ge(001) surface, but with one in four Ge atoms replaced by a Pt atom. The process of the formation of NWs is driven by an increase in the concentration of Pt in the surface layers. Most remarkably, we predict that the NWs that are observed in STM in fact consist of Ge atoms that are displaced from the substrate.
Before discussing the structure of NWs, we study possible geometries of the β-surface. From STM images one can conclude that the latter has a basic structure similar to that of the clean Ge(001) surface. The top surface layer consists of rows of dimers, as shown schematically in Fig. 1(a) . Compared to a clean Ge(001) surface with (1 × 2) reconstruction, the surface unit cell of the β-terrace is doubled, leading to a c(2 × 4) periodicity.
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Based upon the pattern observed in STM, it has been proposed that the top surface layer of the β-surface contains 0.25 ML of Pt.
We calculate the total energies of possible β-surface structures by replacing one in four Ge atoms in the top surface layer of Ge(001) by Pt atoms. All possible arrangements of Pt atoms in a p(2 × 4) cell are considered, see Fig. 1(a) . The cell contains two Pt atoms; the first is placed at position 0, and the second platinum atom at one of the positions 1-7. We use β n to indicate the structure with the second atom at position n. After relaxing the geometries, surface formation energies E f , normalized per p(2 × 4) unit cell, are calculated from
(1) E rec and E Ge(001) are the total energies of the slabs representing the surface containing Pt atoms and the clean p(1×2) Ge(001) surface. 17 N Pt is the number of Pt atoms and ∆N Ge is the difference between the slabs in the number of Ge atoms; E Pt , E Ge are the energies per atom of bulk Pt and Ge. Positive/negative values of E f indicate that the surface is unstable/stable with respect to phase separation into Ge(001) and bulk Pt. As we will see below, Pt has a tendency to be incorporated in the Gesurface forming Pt-Ge bonds. Moreover, surfaces with low Pt density tend to be unstable with respect to phase separation into Ge(001) and surfaces with high Pt content.
The β 1 structure, with Pt in adjacent positions (0,1), has a large positive formation energy of ∼ 0.6 eV. It indicates that formation of Pt-Pt dimers is very unfavorable. In contrast, several structures with mixed Pt-Ge dimers have a negative formation energy. The most stable structure is the β 4 geometry (Pt at positions 0 and 4) having a formation energy E f = −119 meV. This structure consists of alternating rows of Ge-Ge and Pt-Ge dimers with all Pt atoms at the same side of a row, leading to a p(1×4) periodicity. The second most stable structure is the β 6 geometry (Pt at positions 0 and 6) with E f = −48 meV. The β 6 structure gives a checkerboard pattern of Pt-Ge and Ge-Ge dimers with c(2 × 4) periodicity.
Several β n geometries with mixed Pt-Ge dimers are close in energy, which means that they are thermodynamically accessible at the formation temperature of the β-surface (1050K). The energy difference between the β 4 and the β 6 structures is only 35 meV per Pt atom, for example. Studying the formation kinetics is beyond the present calculations. To identify which of the β n structures may explain the experimental STM results, we calculate STM images within the TersoffHamann approach. 16 Comparison to experimental data shows good agreement for the β 6 structure only. Other β n structures can be ruled out as they lead to a different periodicity or qualitatively different STM patterns.
Experimentally NWs are always found on patches of β-surface. 9, 13 In addition, the NWs are clearly composed of ad-dimers. Therefore, as a first scenario we study the β 6 structure as a template for the adsorption of Pt ad- dimers. Some possible geometries are sketched in Fig.  1(b) . Remarkably, none of the structures seem to be stable and optimizing the geometries can lead to large displacements of adsorbed atoms and of atoms in the substrate. For instance, the formation energies of the optimized structures resulting from initial adsorption of Pt dimers at A,B,C,D sites are E f = 1.78, −1.41, 0.12, 1.30 eV, respectively. Although the B structure seems to be favorable, inspection of the optimized geometry shows that it is completely different from the initial adsorption of a Pt dimer at a B site. The adsorbed Pt dimer breaks up into two atoms. One Pt atom remains in the trough between the dimer rows, but sinks into the surface to form bonds with nearby Ge atoms. The second Pt atom is exchanged with the Ge atom at position 2 in the surface. The displaced Ge atom is pushed out of the surface above position 2 (cf. Fig. 1 (a) ). The reordering of Pt and Ge atoms at the surface again indicates that the formation of Pt-Ge bonds is energetically strongly favored. The displaced Ge atom forms the highest point on the surface and is the most prominent feature in the simulated filled state STM image. The pattern however does not resemble that of a NW, compare Figs. 3(a) and (f) .
In a second possible scenario the Pt atoms comprising a NW are kicked out from a β-surface, whereby the latter is transformed back into a Ge(001) surface. To investigate this scenario we calculate the geometries and energies of Pt dimers adsorbed on a clean Ge(001) surface. None of the structures turn out to be stable, and often lead large atomic displacements in the substrate. For example, the formation energies of the optimized structures starting from the A,B,C,D configurations, are E f = 2.08, 0.36, 2.26, 0.18 eV, respectively. None of the simulated STM images correspond to what is observed experimentally. Fig. 3(b) shows the optimized B configuration. Remarkably, the bright features belong to Ge atoms that are displaced from the substrate; the Pt atoms remain invisible.
In conclusion, the scenario's discussed in the previous two paragraphs are unlikely. Pt adatoms do not form a NW, but instead show a tendency to be embedded in the surface and form additional Pt-Ge bonds. The next logical step therefore is to consider a substrate where all dimers in the surface top layer are Pt-Ge dimers. Structures with the Pt atoms on the same side of a Pt-Ge dimer row are the most stable. The formation energy of the structure shown in Fig. 1(c) is E f = −0.25 eV, demonstrating that energetically this structure is reasonable. We call this structure the γ-surface; it consists of Pt-Ge dimers with Pt atoms at positions 1,2,5,6. The Pt-Ge dimers form rows along the horizontal direction in Fig. 1(c) , not unlike the dimer rows on the clean Ge(001) surface. There are two kinds of troughs above the atoms in the third layer. The first kind is lined with Pt atoms in the surface top layer and the second kind with Ge atoms. 19 The two kinds alternate on the surface, which gives a (1 × 4) periodicity. The spacing between two troughs of the same kind is then 16Å, which corresponds to the spacing between the NWs observed in experiment.
We use the γ-surface as a template to adsorb Pt or Ge dimers. Of the many possible adsorption sites we have studied, only the structure labeled E in 1(c) gives rise to NWs that can match the experiment. 19 The formation energy is substantial, i.e. E f = −1.50, −1.00 eV for Pt and Ge NWs, respectively. The large formation energy for Ge NWs can immediately be attributed to the formation of Pt-Ge bonds with the Pt atoms in the surface, which is energetically advantageous. The large formation energy for Pt NWs might be surprising at first sight, since the formation of Pt-Pt bonds was avoided before (see the discussion above). However, examination of the optimized structure shows that the Pt NW has in fact sunken into the through, so that the Pt atoms of the NW are ∼ 0.7Å below the average level of the atoms in the surface top layer. In fact, these Pt atoms make bonds with Ge atoms in the second and third layer, which explains the stability of the structure.
The same does not happen to a Ge NW. The Ge atoms remain at a height of ∼ 0.7Å above the average height of atoms in the surface top layer. The simulated STM image of a Ge NW is reasonably close to the experimental image with bright features at the position of the NW. However these features are not double peaked as experimentally observed for the NWs (Fig. 3(f) ). Moreover, the structure of a Ge NW adsorbed on a γ-surface contains the same number of Pt atoms as the structure shown in Fig.  3(a) . Yet its formation energy is not as favorable, which makes it a metastable structure.
The Pt NW has a low energy, but its simulated STM image, as shown in Fig. 3(c) , strongly deviates from the experimental STM image. In fact, in the simulated image the Pt NW is not visible at all. This is partly due to the fact that the Pt NW has sunk into the surface, but also because Pt atoms do not give rise to a LDOS close to the Fermi level that emerges from the surface. The bright features in Fig. 3(c) correspond to Ge atoms of the surface top layer. These Ge atoms belong to Pt-Ge dimers that become strongly tilted after adsorption of the Pt NW. The tilting angle of these dimers is ∼ 60
• , whereas the tilting angle of Pt-Ge dimers on the clean γ-surface is 5
• . The tilting is accompanied by an increase of the Pt-Ge bond length to 2.64Å, as compared to 2.35Å in the γ-surface. The Pt atoms of the tilted Pt-Ge dimers go subsurface to form extra Pt-Ge bonds, whereas the Ge atoms stick out of the surface and give rise to bright features. The simulated image of the Pt NW shows in fact a remarkable resemblance to the wide troughs observed in Ref. 13 , suggesting that these features indeed involve subsurface Pt. Note that in our structure only every other Pt-Ge dimer along a dimer row is tilted, doubling the periodicity along the row compared to the γ-surface to (2 × 4), as is observed experimentally, see Fig.3 (e). 13 We have seen that it is energetically advantageous to incorporate Pt adatoms in a trough in the γ-surface. One can therefore imagine the following scenario. Let the Pt atoms sink into the trough and exchange with Ge atoms in the third layer of the substrate, as indicated schematically in Fig. 1(d) . We call this the γ * -surface. The displaced Ge atoms are then pushed up from the trough and can form a NW on top with atoms in the E positions. The calculated height of these Ge NWs is ∼ 0.6Å above the surface, which is in fair agreement with the corrugation deduced from STM line scans. 18 All Pt atoms in this scenario form bonds with neighboring Ge atoms, and the formation of Pt-Pt bonds is avoided altogether. The resulting structure is energetically very favorable with a formation energy E f = −2.06 eV. The exchange that is required between Pt and Ge atoms in the third surface layer might explain the high annealing temperature (T = 1050 K) that is needed to form the NWs experimentally. As a check we have also replaced the Ge NW by a Pt nanowire, which leads to a substantially less favorable formation energy E f = −0.96 eV.
The simulated STM image of a Ge NW on a γ * -surface is shown in Fig. 3(d) . It is in very good agreement with the experimental STM image of Fig. 3(f) . All the features of the experimental image are present in the simulated one, including the double peak structure associated with each dimer of the Ge NW and the bright features that are arranged symmetrically alongside the NW. The latter result from Ge atoms belonging to Pt-Ge dimers in the surface top layer, whereas the Pt atoms remain "invisible". Replacing the Ge NW by a Pt NW completely removes the NW in the simulated image, which clearly indicates that the NW consists of Ge dimers. The Ge-Ge bond length of the NW dimers is 2.72Å, which is somewhat larger than the typical bond length of 2.45Å of a Ge-Ge dimer on the clean Ge(001) surface.
In conclusion, we have studied possible structures of the Pt-Ge surface that emerge after deposition of Pt on the Ge(001) surface. The experimentally observed β-surface has 0.25 ML of Pt in its top layer, which consists of Pt-Ge and Ge-Ge dimers arranged in a checkerboard c(2×4) pattern. Starting from either the β-surface, or the clean Ge(001) surface, we find that Pt NWs are unstable structures. Pt atoms have a tendency to be incorporated in the substrate and form additional Pt-Ge bonds. We propose the γ-structure, which contains 0.5 ML of Pt in the surface top layer, as a template for NWs. It consists of rows of Pt-Ge dimers in the top layer resulting in (1 × 4) periodicity. The trough between the rows lined up with Pt atoms is the most favorable adsorption site for NWs. Adsorbing a Pt NW we observe that it sinks into the surface and increases the width of the trough in the STM image. Exchanging the "sunken" Pt atoms with Ge atoms in the third layer of the substrate leads to a Ge NW. This structure has a favorable formation energy and gives simulated images in agreement with the experimental STM images.
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